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I. Introduction
In this Progress Report, we describe our continuing research to explore the feasibility of
implementing medical linear array imaging technology as a viable ultrasonic-based nondestructive
evaluation method to inspect and characterize complex materials. We present images obtained
using an unmodified medical ultrasonic imaging system of a bonded aluminum plate sample with a
simulated disbond region. The disbond region was produced by adhering a piece of plain white
paper to a piece of cellophane tape and applying the paper-tape combination to one of the aluminum
plates. Because the area under the paper was not adhesively bonded to the aluminum plate we feel
that this arrangement more closely simulates a disbond. Images are also presented for an
aluminum plate sample with an epoxy strip adhered to one side to help provide information for the
interpretation of the images of the bonded aluminum plate sample containing the disbond region.
These images are compared with corresponding conventional ultrasonic contact transducer
measurements in order to provide information regarding the nature of the disbonded region. We
anticipate the results of this on-going investigation may provide a step toward the development of a
rapid, real-time, and portable method of ultrasonic inspection and characterization based on linear
array technology.
In the Section II of this Progress Report we describe the preparation of the aluminum plate
specimens interrogated. Section III describes the method of linear array imaging. Sections IV and
V present the linear array images and results from contact transducer measurements, respectively.
A discussion of the results are presented in Section VI.
II. Sample Preparation
Two aluminum/epoxy samples were prepared for the investigation. One sample consisted of
two aluminum plates bonded with epoxy which contained a region of simulated disbond. The
other sample was a single plate of aluminum with a strip of epoxy adhered to one side.
Bonded Aluminum Plate Sample (Sample F)
The bonded aluminum plate sample (sample F) interrogated in this investigation was 2 1/4"
wide by 3 9/16" in length. Two identical aluminum plates of 0.0615" in thickness were used in
the production of sample F. The sample was constructed with an area of layered paper/cellophane
tape to simulate a disbonded region. The bonded plate sample was produced by adhering a piece
of plain white paper (0.0038" thick, 1/2" wide by 1 1/2" long) to a piece of cellophane tape (3/4"
wide by 1 1/2" long). The paper-tape was applied to the "bottom" plate. "Duro Master Mend TM''
epoxy was applied to the "bottom" plate which had the paper/cellophane tape attached and a "top"
aluminum plate was applied. Weights were applied to the sample to produce a constant
compressive force during the cure process. After the epoxy had cured the specimens were
machined to their final length and width dimensions leaving only one area of simulated disbond.
The final thickness of sample F was 0.141". Figure 1 illustrates how sample F was constructed.
Single Plate of Aluminum With an Epoxy Strip (Sample E)
In order to compare the effects on the reflected ultrasound at the aluminum/paper interface
("disbond") to the well-bonded regions of sample F, a single plate aluminum sample (sample E)
was constructed with a strip of epoxy applied to one side. The aluminum plate was 3 9/16" in
length by 2 1/8" wide and 0.0615" thick and the epoxy strip was 3/4" wide by 2 1/8" long. The
measured total thickness of the resultant aluminum plus epoxy region was 0.0729". Figure 2
illustrates the construction of the aluminum/epoxy-strip sample.
III. Method of Linear Array Imaging
The aluminum plate samples were imaged with an unmodified Hewlett-Packard SONOS 1500
medical imaging system in the peripheral vascular imaging mode. A nominal 7.5 MHz center-
frequency linear array probe was used with an overall length of 1.5 inches. Between the sample
and the linear array probe a gelatin stand-off was employed as illustrated in Figure 3. The gelatin
stand-off served to move the front surface echo of the aluminum specimens closer to the center of
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Figure 1: Illustration of the construction of the sample F (the bonded aluminum
plate sample), a) Looking down on the "bottom" plate b) A cross-sectional
representation, the horizontal dimension is to scale while the vertical dimension is
exaggerated (x 3.4) for clarity.
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Figure 2: Illustration of the construction of the sample E (the aluminum plate with
epoxy sample), a) Looking down on the aluminum plate b) A cross-sectional
representation, the horizontal dimension is to scale while the vertical dimension is
exaggerated (x 3.4) for clarity.
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Figure 3: Configuration of linear array transducer and gelatin standoff for
obtaining images of the samples.
the image. Each sample was imaged with the axis of the linear array along the long axis (length
dimension) of the sample so that the linear array straddled the disbond region. The transmit power
level of the SONOS 1500 imaging system was kept constant and the same depth dependent gain
(time-gain compensation) was applied to all depth segments for all the measurements. For each
sample interrogated the video compression was adjusted to optimize the image contrast and
remained constant.
The disbonded region and surrounding regions of sample F were imaged from both sides of
the specimen; i.e., sample F was imaged from the aluminum plate side in contact with the paper-
cellophane tape ("bottom" side) as well as on the opposite side ("top" side). Sample E was
interrogated from the aluminum plate side of the sample.
Figure 4 illustrates how to interpret the images presented of the samples obtained with the
linear array system. For sample F the images were acquired with the linear array straddling the
disbondregion(imagedfrom the"top" platesideandthe"bottom"plateside). For sampleE, the
aluminumplateplustheepoxy strip sample,the lineararrayinsonifiedfrom the aluminumplate
side of the samplestraddling the epoxy strip. As discussedin the September1994Progress
Reporttheseimagesarecomposedof manyreverberationsof theultrasonicsignal in the sample
anddo not representa singlecross-sectionalview. The generalpatternseenin the images(as
depictedin Figure4) will belightly shadedregionsoneithersideof thedisbondregion for sample
F and the epoxy strip region for sampleE. The centerportion of the image will display a
characteristicreverberationpatterndependenton thetypeof interfacesencounteredfor thegiven
sample.In theareasof the imagerepresentingthedisbondregionof sampleF theexactshadingof
thereverberatingsignalwill dependonthesideof insonification.
IV. Linear Array Images
Figure5 showsthelineararrayB-scanimageover theepoxyregionfor thesamplewith the
epoxy strip (sampleE). The imagewasacquiredby insonifyingthe aluminumplate sideof the
sample (opposite to the side with the epoxy strip). The strip of epoxy region is clearly
distinguished from the aluminum plate only regions. The side regionswhich representthe
aluminum/air interface display a reverberationdecaypattern that appearsbright and long in
duration. This is to beexpectedbecausethealuminumto air interfacepresentsa large acoustic
impedancemismatchand a large portion of the acousticenergy is reflected at this interface.
Becausealuminumis aratherlow-lossmaterial,weseeabrightandlongdecaypattern.Thecenter
portion of the imagedisplays the areaof the aluminum/epoxyinterface. A smaller acoustic
impedancemismatchispresentedto theacousticwavein thisregionandthussomeacousticenergy
travelsinto theepoxyregion. Becauseepoxyis moreattenuatingthanaluminumwe seethatthe
reverberationpatternappearsto be lessbright andshorterin duration thanthe surroundingside
regions.
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Figure 4: Cartoon showing how to interpret the linear array images.
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Figure 5 - Linear array image over the epoxy strip region of sample E.
Figure 6 shows the linear array B-scan images over the disbonded region for sample F from
both sides. In Figure 6a the image was acquired by insonifying the "bottom" side of the sample
where the paper-tape was adhered to the aluminum plate. The region of the disbond can be clearly
distinguished from the surrounding well-bonded region in this image. The aluminum/paper
interface appears to present a greater acoustic impedance mismatch than the aluminum/epoxy
regions on either side of the disbond region. Since epoxy is considerably more attenuating than
aluminum, more acoustic energy is reflected at the aluminum/paper interface than at the
aluminum/epoxy interface and we see a brighter and longer decay pattern. This decay pattern
results from the reverberation of the acoustic energy in the "bottom" aluminum plate.
Figure 6b shows the B-scan image of the disbonded region of sample F obtained from the
"top" side of the specimen. In this image the region of disbond can again be clearly distinguished
9from the surroundingwell-bondedregionalthoughit appearsdifferent than that observed when
imaged from the "bottom" side of the sample (Figure 6a). If we compare the center portion of the
image of Figure 6b with the center portion of Figure 5, we see that the decay patterns display
similar features. This is the same situation encountered when imaging the epoxy strip sample in
sample E. Ultrasound propagates through the "top" aluminum plate and into the epoxy before
encountering the air interface. Hence, the echo decay pattern observed for the sample over the
disbond when imaged from the "top" side is similar to the image of the epoxy strip in sample E.
This acoustic impedance mismatch reflects a large portion of the acoustic energy. The resultant
decay pattern is dominated by the reverberation in the "top" aluminum plate and the epoxy layer.
Because epoxy is more attenuating than aluminum the epoxy layer dampens the decay pattern. The
well-bonded side regions (aluminum/epoxy/aluminum regions) appear to be very similar in the two
images. We would expect the images from the well-bonded regions to be very similar when
imaged from both sides of the sample because the thickness of each of the aluminum plates is the
same and hence the ultrasound propagates along the same path in both cases.
V. Contact Transducer Measurements
In order to substantiate the interpretations of the images of the aluminum plate specimens
obtained with the linear array, single element contact transducer measurements were performed.
Ultrasonic rf A-lines from the bonded and disbonded regions of sample F were obtained from each
side of the specimen. For sample E the side opposite the epoxy strip was insonified. The rf A-
lines from sample E were obtained from both the aluminum only area and the aluminum/epoxy area
of the sample. Pulse-echo measurements were made with a broadband, 1/4" diameter, 25 MHz
contact transducer (KB Aerotech - Alpha DFR) with a 3/8" delay line. A Metrotek MP215 pulser
was used to generate the broadband excitation pulse and a MR106 receiver was employed to
amplify the returned ultrasonic signal. The returned rf signal was taken from the MR106 receiver
output and sent to a Tektronix TDS 520 digitizing oscilloscope. Signals were digitized at a rate of
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Figure 6: Linear array images over the disbonded region for sample F. Figure
6a shows the B-scan image of the disbonded region obtained from the "bottom"
side of the specimen. Figure 6b shows the B-scan image of the disbonded region
obtained from the "top" side of the specimen.
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250 megasamples/second with 8-bit resolution over a total record length of 2500 points. The
digitized rf signals were stored on a Macintosh Quadra 840AV for off-line analyses.
In what follows all the figures displaying the signals obtained with the 25 MHz contact
transducer will show both the rf and the magnitude of the analytic signal of the rf superimposed to
help guide the eye to the encountered interfaces. Figure 7a displays the rf A-line acquired over the
aluminum only portion of sample E. The velocity of sound for aluminum is about 6.35 mm/_sec
which for a thickness of 0.0615" yields a round trip time (distance traveled is 2 times 0.0615")
between reverberations of 0.492 !asec. Figure 7b displays the ultrasonic signals over the
aluminum/epoxy region of the sample. We see additional reflections inserted between the
aluminum echoes. These reflections occur due to the epoxy to air interface. If we compare Figure
7a and 7b we see that the decay patterns decrease more rapidly for the aluminum/epoxy region than
for the aluminum only region. As discussed above, this is what we would expect because the
ultrasound that travels into the epoxy region decays more rapidly due to the higher attenuation of
the epoxy as compared with aluminum. These reverberation decay patterns are responsible for the
resultant decay patterns observed in the linear array image of sample E (see Figure 5).
Figures 8 and 9 display the rf A-lines obtained from the bonded aluminum plate sample
(sample F). Figure 8a displays the rf and analytic signal for insonification of the "bottom" side in a
well-bonded region of sample F. Figure 8b displays the signals when the sample was flipped over
and insonified in the same region as Figure 8a but from the opposite side. We see that the signals
in 8a and 8b appear to be quite similar. This is to be expected since the thickness of the two
aluminum plates are equal.
In Figure 9a sample F was insonified from the "bottom" side of the specimen (the side to
which the paper-tape was applied) with the transducer positioned over the region of the disbond.
Figure 9b displays the rf A-line and analytic signal for the same region except that the sample is
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Figure 7: The rf and analytic signal of the rf for sample E. a) Insonification of
an aluminum only region b) Insonification over the epoxy strip region
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Figure 8: The rf and analytic signal of the rf for sample F over the well-bonded
area. a) Insonification from the "bottom" side, the side where the paper-tape was
adhered b) Insonification from the "top" side
14
a)
m
O
>
2.0-
1.5-
1.0-
0.5-
0.0-
-0.5-
-1 .q
-1 .!
-2.0
0.0 0.5 1.0 1.5
"Bottom"- Disbond Region
/
Bottom [
Top
2.0 2.5 3.0 3.5 4.0 4.5 5.0
Time (lisec)
b)
m
0
>
"Top" - Disbond Region
0.5
0.0
/
Top 1Bottom
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Time (lisec)
Figure 9: The rf and analytic signal of the rf for sample F over the "disbonded"
area. a) Insonification from the "bottom" side, the side where the paper-tape was
adhered b) Insonification from the "top" side
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insonified from the "top" sideof the sample. The rf signal for insonificationof the "top" side
decaysmorerapidly thantherf obtainedfrom insonifyingthe "bottom"side. As discussedabove
becauseepoxyis moreattenuatingthanaluminumtheepoxylayerdampensthedecaypattern. If
wecompareFigure9awith Figures8aand8bweseethattheyall appearverysimilar.
VI. Discussion
Theresultspresentedabove,showingtheimagesof thebondedaluminumplatespecimenand
thealuminum/epoxy-stripspecimenobtainedwith thelineararrayandthecorrespondingultrasonic
rf A-linesobtainedwith acontactransducer,suggesthatlineararrayimagingcanperformauseful
role in detecting disbonded regions and providing information describing bond interface
characteristics.Thedisbondedregionwaseasilydiscerniblefrom thewell-bondedregion in the
images. The imagesalso showthat the disbondedregion looks quite different from that of the
surroundingwell-bondedregion in sampleF whenthe imagesobtainedfrom the"bottom" of the
specimenarecomparedwith thoseobtainedfrom the"top". Therelatively "bright"disbondregion
observedwhen sampleF was imaged from the "bottom" side and the "dark" disbond region
observedwhen the samplewas imagedfrom the "top" side agreewith the correspondingecho
decaypatternsobtainedwith thecontacttransducer;i.e.,arelativelyhigherattenuationassociated
with the disbondedregion when interrogatedfrom the "top" when comparedwith the results
obtainedfrom the "bottom". Theseresultssuggesthatthe imagesobtainedwith the linear array
conveyinformation regardingthecharacteristicsof the interfacebetweenthealuminum andthe
disbond.Thussuggestingthatmedicallineararrayimagingtechnologymayoffer ausefulmeans
for developing a rapid, real-time, and portable method of adhesive bond inspection and
characterization.
